Introduction
Directed self-assembly (DSA) [1] [2] [3] is a promising nanolithography to produce complex structure with small feature size. The spontaneous process of microphase separation of block copolymers (BCPs) leads to formation of nanoscale pattern. To control orientation and placement of the BCP thin films, graphoepitaxy [4] [5] [6] and chemoepitaxy [7, 8] , processes are used. Graphoepitaxy employs topographically patterned template with trenchs to control orientation of BCP, as shown in Fig.  1(a) . The trench width is generally a few times wider than the range of the natural domain spacing of ordered BCPs. The template is coated with a BCP film so that the BCP material flows into the trench. As the BCP undergoes microphase separation by annealing, domains are aligned against the wall of the trench and a pattern with single orientation in confined space was formed. On the other hand, the chemically patterned template is utilized in chemoepitaxy, as shown in Fig. 1(b) . The chemical pattern width is usually the same width of the microdomain of BCP. A thin film of BCP was coated onto the chemically patterned substrate. After annealing, the hydrophilic polymers of BCP are segregated on the chemical pattern, if it is hydrophilic.
Generally, the chemical patterns in chemoepitaxy is fabricated by electron beam lithography, photolithography, or extreme ultra violet lithography. Nanoimprint lithography [9, 10] is able to fabricate the nanostructure with high throughput, low cost, and high accuracy. In this study, we demonstrated the chemical pattern fabrication by UV and thermal nanoimprintings and carried out the microphase separation of BCP on the fabricated chemical pattern.
Experimental material and equipment
Poly(styrene-block-methylmethacrylate) (PS-b-PMMA, PS=PMMA=5.2 kg/mol, L 0 =48 nm; Sigma. Aldrich Co.) was used as BCP. We fabricated polydimethylsiloxane (PDMS) [11] chemical pattern by using UV nanoimprinting and lift-off process. P7266-DMS (Mn=1200; Polymer source Inc.) was used to form the PDMS pattern. NIAC705 (Daicel Co.) was used as UV nanoimprint resin. The cured NIAC705 is able to remove by soaking into organic solvents with ease so that it is well suited to carry out lift-off process by UV nanoimprinting [12, 13] . We also fabricated the stripe pattern consisting of PS and neutral poly(styrene-r-methylmethacrylate) (PS-r-PMMA) random copolymer layers by thermal nanoimprinting. To form those layers, it was used P5463-SOH (Mn=2700 Polymer source Inc.) and P7343-SMMAranOHT (Mn=14500, stytrene content mol% = 62%; Polymer source Inc.), respectively. UV and thermal nanoimprintings were carried out by using NM-0801HB (Meisyo Kiko Co.). To observe the fabricated chemical pattern and BCP domain structure, AFM5300E (Hitachi High-Tech Science Co.) was used.
Chemical
pattern fabrication by nanoimprinting 3.1 PDMS chemical pattern fabrication by UV nanoimprinting PDMS chemical pattern was fabricated by UV nanoimprinting. Figure 2 shows a schematic diagram of the fabrication process of PDMS chemical pattern by UV nanoimprinting and lift-off process. It is as follows; (1) NIAC705 was spin-coated on Si substrate and prebaked at 90 ºC for 1min. (2) Subsequently, UV nanoimprinting was carried out using a mold with line and space (L&S) pattern. The imprinting pressure and time were 2 MPa and 2 min, respectively. (3) Then, the residual layer was etched away by reactive ion etching (RIE) using O 2 gas. (4) Following, thin PDMS layer was formed on the substrate. The coating process of thin-PDMS layer is as follows; the P7266-DMS was spin-coated on the substrate. Then, the substrate was baked at 200 ºC for 3 min in air. (5) Finally, the substrate was soaked in tetrahydrofuran (THF) to remove NIAC705 and excess P7266-DMS, resulting in forming PDMS self-assembly-monolayer.
We observed the PDMS chemical pattern by AFM, as shown in Fig. 3 . The linewidths of PDMS and Si substrate were 120 nm and 200 nm, respectively. Although the horn-like structures with about 4 nm height were observed at the edges of PDMS line in cross-sectional image, which were caused by lift-off process, the thickness of flat part was 1 nm. The result indicates that the PDMS chemical pattern can be fabricated by UV nanoimprinting.
Next, we carried out microphase separation of PS-b-PMMA on the fabricated the PDMS patterns. PS-b-PMMA was coated on PDMS chemical pattern and the thermal treatment was carried out at 250 ºC for 3 min in air. We then observed the microphase separation of PS-b-PMMA on PDMS pattern by AFM, as shown in Fig. 4 . The microdomain structure of PS-b-PMMA was confirmed. Although it is seemed that the microdomain structure was ordered perpendicular to PDMS chemical line pattern, the microdomain structure of PS-b-PMMA was not perfectly-ordered. It was assumed that the PDMS pattern width was bigger than microdomain of PS-b-MMA. The results indicate that the PDMS chemically template patterned by UV nanoimprinting using NIAC705 is applicable, but further optimization of the PDMS pattern width is necessary to achieve DSA. 
Stripe chemical pattern fabrication by thermal
nanoimprinting. We confirmed that BCP domain structure was affected by PDMS chemical pattern. However, it was not clearly oriented. Generally, to align PS-b-PMMA domain structure, PS and neutral layer are used. Therefore, we next fabricated a chemical pattern consisting of PS and PS-r-PMMA layers by thermal nanoimprinting. Figure 5 shows a schematic diagram of the fabrication process of chemical patterns by thermal nanoimprinting. It is as follows; (1) P5463-SOH was spin-coated on Si substrate. (2) Then, thermal nanoimprinting using a mold with L&S pattern was carried out. The imprinting pressure, time, and temperature were 15 MPa, 4min, 230ºC, respectively. P5463-OSH reacted with Si substrate during thermal nanoimprinting.
(3) Subsequently, the residual layer was etched away by reactive ion etching (RIE) using O 2 gas. (4) The substrate was then soaked into toluene to remove the excess P5463-SOH which is not bound to the Si substrate. As the result, PS pattern was fabricated.
Following, P7343-SMMAranOHT was spin-coated on the substrate. Then, the substrate was baked at 200 ºC for 3 min in air. (6) Finally, the substrate was soaked into toluene to remove the excess P7343-SMMAranOHT which is not bound to the Si substrate and PS layer. We observed the chemical pattern consisting of PS and PS-r-PMMA layer fabricated by thermal nanoimprinting, as shown in Fig. 6 . The pattern was very clear compared to the PDMS chemical pattern of Fig. 3(a) .
Following, we carried out microphase separation of PS-b-PMMA on the pattern and observed microdomain structure by AFM, as shown in Fig.   7 . The microdomain structures of PS-b-PMMA were ordered perpendicular to PS and PS-r-PMMA chemical line pattern. The result indicates that it was succeeded to fabricate the chemical pattern consisting of PS and PS-r-PMMA layers by thermal nanoimprinting for DSA and the PS and PS-r-PMMA chemical pattern affected the microdomain structure of PS-b-PMMA. To improve DSA using PS-b-PMMA, it is necessary to study on a suitable chemical pattern by nanoimptinting. 
